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Abstract 
While treating the industrially produced wastes through various processes such as physical, chemical, biological and radiation 
processes have been implemented on various scales and is the focus of various studies and development, the trend of minimizing 
and/or eliminating the pollutions at the source via developing and selecting proper catalytic multiphase reactors is worth to be given 
proper attention and consideration which is the focus of this manuscript beside outlining the processes used for treating the wastes. 
In order to achieve such goal in minimizing the wastes, these multiphase reactors must be well understood, studied, scaled up and 
designed. This can be only achieved by developing and implementing advanced measurement and computing techniques which 
have been developed in our research laboratory and are briefly outlined here with selected results. 
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1. Introduction 
In industry various chemical, physical and biological processes convert raw materials which could be non-
renewable (e.g., petroleum, coal, ores, minerals, etc.) or renewable (e.g., plants, animals, etc.) materials into various 
types of products (e.g., fuels, chemicals, materials, plastics, pharmaceuticals, food, feed, etc.).  The molecules structure 
and properties are changed via transformations through reactions (which include chemical, biochemical, 
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electrochemical, biological reactions) to generate the desired products and sometimes producing undesirable products 
by side reactions. During these processes, wastes (gas, liquid and/or solids) are generated and energy could be either 
supplied or produced. Wastes can be minimized or eliminated and supplied or produced energy can be optimized to 
be energy efficient processes in case the proper transformations, the right catalysts and the right reactors are selected. 
This is a challenging task.  Therefore, there are different trends to be considered in order to achieve cleaner multiphase 
processes, efficient recycling processes for reuse and sustain clean environment as shown in Figure 1.  
 
 
Figure 1. Trends for Cleaner Multiphase Processes 
2. The Role of Catalytic Multiphase Reactors in Minimizing/Eliminating the Wastes 
The center of minimizing and/or eliminating the wastes at the source is the multiphase reactors in which reactants 
(gas, liquid and/or solids) are reacted in the presence of catalysts (homogeneous or heterogeneous) and energy 
exchange to produce products (gas, liquid and/or solids). These multiphase reactors exist and are operated in all type 
of industrial processes including chemical, petroleum, petrochemical, mineral processing, gas processing, 
environmental applications, wastes treatment, biochemical, pharmaceuticals, biomass conversion, energy, food, feed, 
polymers, plastics, etc. In attempts to develop cleaner catalytic multiphase reactors, various emerging technologies 
have been developed and studied such as catalysis by water soluble metal complexes in  biphasic and nonionic liquid 
media, reactions in supercritical fluid media, asymmetric catalysis for chiral drugs/agrichemicals, polymerization with 
precipitating products (e.g., polyketones), phase transfer catalysis, catalysis by adhesion of metal particles to liquid-
liquid interfaces, catalysis development by nano-particles and encapsulation of metal complexes, etc. The multiphase 
reaction processes are multi-scale phenomena where multi-scales in time and space exist that range from molecular 
level, to particle or eddy level and to reactor scale level. Therefore, when the right catalyst that enables producing the 
desired products is identified, the selection of the reactor type to be used and the way it is operated becomes a critical 
step toward attaining the “green” chemistry. This is because the reactor dictates the number and size of separation 
units needed before and after the reactor, and hence determines the burden on the environment and energy efficiency 
of the process. Therefore, proper reactor selection and operation leads to optimal plants, minimizes or eliminates the 
pollution burden and environmental concerns and helps maximize energy efficiency.  To achieve this optimizing the 
atom, material, and energy efficiency, minimizing wastes, reducing the burden on separation units, minimizing capital 
costs by process intensification, and operating safely are needed for cleaner industrial processes. Therefore, the 
following needs to be considered as guidance for improved reactors: using non-hazardous raw materials, using 
renewable resources, reducing by-products, generating less or no waste, producing products easy to separate, recycling 
un-reacted materials, reducing use of solvents, using benign solvents, improving atom efficiency, improving energy 
efficiency, using heat integration, replacing liquid phase catalyzed by solid catalyzed routes, selecting most suitable 
reactor type for given chemistry, combine reaction and separation when possible, avoiding  overdesign, etc. [1]. 
Accordingly, what do we need? It is essential to understand the complex phenomena encountered in multiphase 
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reactors in order to enable proper and greener utilization of the catalyst. This should lead to appropriate selection and 
identification of the desired contacting conditions among phases and the catalyst at multi-scale levels in time and 
length. This also will help maintaining the desire performance of the catalyst during the process of scaling up. 
Unfortunately, the common practice is to develop the catalyst in series with the reactor selection, testing and studying. 
However, catalyst development should be in parallel with reactor selection, testing and studying. Proper election of 
the reactor and quantification of the catalyst performance requires proper understanding and description of the 
hydrodynamics and the complex interactions and transport among the phases that these multiphase opaque reactors 
are characterized with. Integrating such knowledge with transport, kinetics and the events in the reactor, eddy/particle 
and molecular scales (time and length) is essential for properly sizing the reactor and identifying the design and 
operating conditions for achieving optimal performance, greener process, reliable predictive modeling, design, scale 
up, and process optimization. Accordingly, Figure 2 illustrates the needed studies and their integration related to 
cleaner multiphase reactors and processes and to achieve minimum or elimination of the wastes and efficient recycling 
for reuse for sustain environment. In my research laboratories these needed integrated studies have been addressed 
via sophisticated measurement techniques, rigs and computing capabilities. These capabilities have made my research 
laboratories unique in USA and in the world – They are a unique global resource. The following is a summary of the 
available needed measurement and computing techniques that have been used in our research and development studies 
to advance multiphase reactors for cleaner multiphase industrial processes followed by an outline of selected treatment 
processes and remarks. 
 
 
Figure 2. Integrated studies for cleaner multiphase reactors and processes 
3. Selected Advanced Measurement and Computing Techniques in Our Laboratory 
Our Advanced Multiphase Reactors Research and Applications Laboratory is well equipped with unique and state-
of-the-art advanced measurement techniques for industrial multiphase imaging and visualization that have been used 
to advance multiphase reactors to enable minimizing or eliminating wastes for sustainable environment. These 
techniques consist of radiation based non-invasive techniques and non-radiation based invasive and non-invasive 
techniques which all of these complement each other on the knowledge and findings they will produce. They are 
equipped with up-to-date data acquisition systems and related software along with in-house mathematical models, 
algorithms and programs that have been developed for data acquisition and data post processing. In addition these 
techniques are valuable for providing benchmarking data to validate reactor models and computational fluid dynamics 
(CFD) codes and simulations.   
4. Radiation based Non-invasive Techniques 
The commonly employed, sophisticated light based techniques, such as Laser-Doppler Velocimetry (LDV), Digital 
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Particle Image Velocimetry (DPIV) etc. cannot be employed for flow field investigations in opaque multiphase 
reactors and flow systems. Therefore, the radioisotopes based techniques which are also non-invasive are suitable for 
these opaque systems where the gamma ray radiation has the power of penetration depending on the strength of the 
source and the media used [2]. The laboratory has developed and implemented measurement techniques which are 
essential for benchmarking and verification of models, computing algorithms and computational fluid dynamics 
(CFD) codes and simulations and design and scale-up methodologies. The following is an outline of selected of these 
techniques [2]. 
4.1. Single and Dual Source Gamma Ray Computed Tomography (CT&DSCT) Techniques 
These techniques measure the time averaged cross sectional distribution of phases along the bed height for two and 
three phases reactors and flow systems (gas-liquid, gas-solid, liquid-liquid, liquid-solid, gas-liquid-solid, liquid-liquid-
solid, liquid-liquid-gas) [3-9]. The data can be further processed to compute radial or diameter profile of phases, size 
and diameters of stagnancy and bypassing of phases, etc. The technique shown in Figure 3 consists of two collimated 
sealed sources (Cesium-137 with initial activity of about 300 mCi and Cobalt-60 with initial activity of 50 mCi). In 
front of each source there is an array of 15 sodium iodide (NaI) detectors of 5 cm (2 inch) in diameter capable of 
scanning columns of up to 30 inch in diameter. The detectors and the sources are mounted on a rotatable plate, which 
makes it possible to get a 360° scanning around the column. The sources are collimated with an opening window of 
40 degree angle to provide a sheet of gamma rays that passes through the object. The detectors are collimated with an 
opening window with a size depending on the level of attenuation and the desired special resolution. Both the source 
and detectors are rotated on a plate. For each step of rotation, the detectors are further move in a fine movement to 
produce more projections to enhance the spatial resolution. Also the source/detectors plate can be moved vertically to 
scan cross sections of the columns along their heights. Hence, 3D imaging of phase distribution can be obtained. For 
three phases dynamically moving, dual source or dual energy is needed and has been developed and implemented for 
the first time in our laboratory. Image reconstruction is performed with in-house developed software based on the 
Estimation-Maximization (EM) and Alternating Minimization algorithms. Advanced mathematical methodologies, 
algorithms and programs have been developed in-house and implemented along with the needed post-processing data 
to reconstruct the phase densities/holdups distribution. This technique if it is not rotated can be used as a gamma ray 
densitometry technique.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a)                                                            (b)                                                                      (c) 
 
Figure 3. (a)Single source Gamma Ray Computed Tomography (CT) (b) Dual source Gamma Ray Computed Tomography (DSCT) 
(c) Gas holdup cross sectional profile from CT 
4.2. Single and Multiple Radioactive Particle Tracking (RPT & MRPT) Techniques 
The RPT and MRPT techniques measure the phase (solids or liquid) dynamic trajectory and from which the three-
dimensional (3D) full flow field, velocity components and resultant velocity, turbulent parameters (normal stresses, 
shear stresses, kinetics energy, eddy diffusivity, root mean squared velocities, fluctuation velocities, etc.), local and 
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global residence time distributions and many other parameters are estimated in a non-invasive manner [10-12]. The 
lab has two set-ups of these techniques that can be operated either RPT or MRPT. A composite radioactive particle 
(Sc-46 or Co-60 (which is emitting γ-ray with activity of about 300-600 μCi)) is prepared and used that simulates the 
solids shape, size and density (as small as 100 μm) for tracking the solids phase and is small enough (about 1 - 2 mm) 
to have the same density as that of the liquid phase for tracking the liquid phase (Figure 4). The instantaneous particle 
position is identified by monitoring simultaneously the radiation intensities at a set of 2-inch sodium iodide (NaI) 
detectors (16-32) located strategically around the column as shown in Figure 4. In order to reconstruct the position of 
the particle from radiation intensities, calibration is performed prior to an RPT or MRPT experiment by placing the 
particle at various known locations and monitoring the radiation recorded by each detector, while the 
reactor/equipment is operated at the same conditions as in the desired RPT experiment. Various in-house developed 
algorithms and programs are used to estimate the position of the particle at a given sampling instant in time, to post 
processing the data and to visualizing the results [13, 14]. Recently, a novel hybrid dynamic calibration device has 
been developed to enhance the accuracy of the calibration which can be done simultaneously with the actual 
measurements [15]. This allows elimination the time consuming calibration step prior to each experiment and enable 
the RPT to be applied on industrial processes using short half-life radioisotopes. Figure 5 shows selected results of 
the developed MRPT for the simultaneous measurement of both liquid and solids velocity profiles and other 
parameters using two different radioisotopes (Scandium (Cs-46) and Cobalt (Co-60) [16].  
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 particle coated with parylene-N, tracking solids 
 
 
 
 
 
                                                             Sc
46
 particle in polypropylene ball, tracking liquid 
(a)                                                                                       (b) 
                                                                                                
 
 
 
 
 
 
 
 
 
                              (c)                                                                                            (d)    
        
 
 
 
 
 
 
Tracer  
Particle 
Holding  
Assembly 
Figure 4. (a) Single and Multiple Radioactive Particle Tracking (RPT and MRPT) Techniques (b) Radioactive particle used for 
solid and liquid tracking (c) Radioactive particle making area  (d) Calibration device 
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Figure 5. Selected Results of MRPT in Gas-Liquid-Solid System for liquid and solids velocities profiles measured simultaneously. (a) Sc-46 
single and dual particle tracking (b) Photon count of gamma rays of Sc-46 and Co-46 individually, together and summation of individual counts 
(c) Comparison of axial velocity profiles obtained from single particle and dual particle tracking for Co-60 and Sc-46 with different densities 
4.3. Gamma Ray Densitometry (GRD) Technique 
Gamma Ray Densitometry (GRD) technique has been designed and developed as shown in Figure 6 to measure 
the line-averaged hold-up radial/diameter profiles of phases, the flow pattern and flow regime, mal-distribution, 
channeling and stagnancy along the column diameter and along the height of the bed. It consists of collimated sealed 
source of Cs-137 (initial activity of 250 mCi) and collimated 2-inch NaI detector mounted and aligned with the source 
on the opposite side. It can be also used as a reduced tomography by rotating the source and the detector around the 
object or rotating the object. By processing statistically and chaotically the time series of counts received by the 
detector, it is possible to identify the flow pattern and regime of the multiphase flow systems and to identify any 
stagnancy, channelling or mal-functioning. All the needed algorithms and programs for data acquisition and electronic 
system and data processing have been developed in our laboratory [17-20]. 
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Figure 6. Gamma Ray Densitometry (GRD) Technique 
5. Non-Radiation Based Invasive and Non-invasive Measurement Techniques 
There are many sophisticated invasive measurement techniques which some of them are also designed in our 
laboratory to be used in a non-invasive manner. These techniques are needed to provide knowledge, findings and data 
that complement the above mentioned non-invasive techniques based on radiation. Some of these techniques outlined 
below. Their measurements are complemented with various pressure transducers mounted at the wall to measure time 
series of absolute pressure and/or pressure drops along the heights. 
5.1. 4-Point Optical Fiber Probe Techniques for Gas-Liquid and Gas-Liquid-Solid Systems 
Two techniques of 4-point optical probe are available; one for quartz glass fibers and another for plastic tubes. The 
electronic system of these techniques can be used for a single and 2-point optical fiber probe techniques for certain 
needed measurements. These techniques measure bubbles cord length, velocity, frequency, directions, local gas 
velocity in axial direction, specific interfacial area, and their time series and population distribution functions [21 – 
26]. The probe consists of 4-tips which are manufactured in-house; three of which are of the same length and form an 
equilateral triangle. The fourth central tip is positioned through the inertial center of this triangle and is about 2.0 mm 
longer than the others. Each optical fiber sensitive part is shaped by over-heating it, resulting in a round shaped glass 
core extremity. The light is sent into each fiber by an LED (wave-length 680 nm) via standard glass fiber connectors 
and is detected by a photodiode. Figure 7 shows the four point optical probe. Due to the difference in the refractive 
index, when the fiber tip is in a liquid medium most of the light is refracted into the liquid and very little light is sent 
back. However when the tip is in the gas bubble, most of the light is reflected and travels back into the coupler that 
channels about 50% of the reflected light into a photodiode, which finally transforms the light photons into a voltage 
much like in Figure 7. Algorithms and programs needed for data acquisition system and data processing are developed 
in-house. 
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Figure 7. (a) Optical Probe schematic (b) four-point optical probe (c) Head on view of four-point optical probe (d) Front view of four-point 
optical probe (e) Response of bubble passing by four-point optical probe 
 
2-Point Optical Fiber Probe Technique for Gas-Solid Systems  
New 2-point optical probes (illustrated in Figure 8) for gas-solid systems have been developed and 
implemented that can measure simultaneously at the same point solids concentration and solid velocity and their 
time series fluctuations. These probes consist of multi-fiber probes containing alternatively arranged layers of 
optical fibers and are equipped with quartz window to overcome the dead zones. A new reliable and simple 
calibration method has been developed to convert the solids concentration related signals into solids holdups. 
The algorithms and programs for data processing are developed in-house [27-29]. 
5.2. Point and 2-Point Optical Fiber Probe Techniques for Two Phase Flow Packed Beds 
New 2-point optical probe has been developed and implemented (Figure 9) to measure in two phase flow 
packed local liquid and gas holdups, velocities and their time series, local flow regime and patterns, and stagnant 
zones. Its results complement those obtained by CT and GRD as shown in Figure 9 to assess new distributors 
design. Single point optical probe has been developed and used for local holdup measurements and flow regime 
and flow pattern identification. All algorithms and programs are developed in house. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. (a) Optical probe for different solid size (b) Calibration device (c) Comparison of result of CT and optical probe 
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Advanced Dynamic Gas and Liquid Tracer Techniques for Gas and Liquid Dispersion and for Overall Mass Transfer 
Coefficient in Various Combinations of Gas-Liquid-Solid Systems 
Advanced Dynamic Gas and Liquid Tracer Techniques for Gas and Liquid Dispersion and for Overall Mass Transfer 
Coefficient in Various Combinations of Gas-Liquid-Solid Systems Gas and liquid dynamic tracer techniques have 
been developed and implemented to properly measure the residence time distributions (RTDs) of gas and liquid phases 
in complex multiphase flow reactors and systems (Figure 10 for gas-solid system) using non-absorbed and non-
adsorbed tracer compound [30,31]. When partially absorbed tracer compound is used overall volumetric mass transfer 
coefficient between gas and liquid can be measured. The developed techniques account properly for the extra 
dispersion encountered in different components of the experimental set-up such as plenum/distributor, sampling lines, 
analytical units, etc.  Also, it offers fast sampling and reliable on-line and quantitative analyses. These techniques use 
thermal Conductivity Detector (TCD) and flame Ionization Detector (FID) for analysis. Methodology, mathematical 
models, algorithms and programs have been developed in-house and implemented to convolute the dispersion 
occurring in external components from the overall dispersion to extract properly the dispersion of the reactor or the 
bed alone as outlined schematically in Figure 10.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Two Point optical probe technique for packed beds 
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(a) Schematic diagram 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    (b)  Physical Picture 
 
Figure 10. Advanced Gaseous Tracer Technique, (a) Schematic Diagram (b) Physical Picture 
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5.3. Local Mass Transfer Optical Fiber Probe Technique for Gas-Liquid and Gas-Liquid-Solid Systems 
This technique measures local gas-liquid mass transfer rates and coefficients at different radial and axial locations 
inside the gas-liquid and gas-liquid-solid multiphase reactors and systems [32, 33]. The measurement is based on 
transferring oxygen from gas to liquid or from liquid to gas. By integrating it with 4-point optical probe the local mass 
transfer coefficient of other desired gases into industrially used liquids can be measured using our developed 
methodology. The tip of the probe is made of a very thin film of a sol-gel coating that does not consume any oxygen 
(Figure 11). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a)                                                                                      (b) 
 
Figure 11. (a) Optical oxygen probe technique (b) Optical probe on 6” high pressure slurry bubble column 
5.4. Heat Transfer Probes for Gas-Solid, Gas-Liquid, Liquid-Solid and Gas-Liquid-Solid Systems 
Various fast-response heat transfer coefficient probes have been developed in-house and implemented to measure 
local instantaneous heat transfer coefficients and rates of various types and configurations of multiphase reactors and 
flow systems. It has been designed to measure simultaneously the local heat flux from the heat transfer probe to the 
bulk, the surface temperature of the probe and the adjacent bulk temperature Figure 12. The methodology, algorithms, 
programs of data acquisition and post data processing have been in-house developed and implemented [34-36]. The 
probe can be mounted at various locations inside the system and at various orientations. Indirectly it can also provide 
qualitative assessment of the flow pattern and structure and by analysing its time series, flow regime can be as well 
identified. Two novel fast-response heat transfer probes have been developed to convert the measurements from 
invasive into non-invasive ones by mounting the probe on a mimicked heat exchanging tube or on a pebble for packed 
beds (Figure 12). 
 
 
 
 
 
 
 
1. Optical oxygen probe; 2. Optical fiber;  
 3. Light source; 4. Spectrometer; 5. USB interface; 
6. PC and software 
(Ocean Optics Inc.) 
358   Muthanna H. Al-Dahhan /  Procedia Engineering  138 ( 2016 )  347 – 368 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12. Local heat transfer technique 
6. Advanced Computational and Modeling Techniques 
Figure 13 outlines the acquired, developed and implemented various computational techniques and modelling 
methodologies [37, 38]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13. Selected Computational and Modelling Techniques 
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7. Treatment Processes 
Various multiphase reactors that are implemented in the processes outlined in Figure 1 have been studied and their 
understanding and scale up have been advanced to achieve reduction or elimination of the wastes at the source and to 
improve recycling wastes for reuse by implementing advanced measurement and computing techniques some of which 
are outlined above. Enormous studies have been conducted in our laboratories and in the literature and due to limitation 
in size of this manuscript only selected cases are outlined below. 
 
7.1 Bubble and Slurry Bubble Columns for Clean Alternative Fuels and Chemicals Production and for Industrial 
Waste Water Treatment 
 
Bubble columns and slurry bubble columns are used widely in industry for various chemical, mineral, petroleum, 
environmental application and biochemical processes. The complex interactions among phases makes the design, 
scale up and operation of these reactors challenging. Extensive studies have been conducted in the literature on these 
reactors. Selected results and findings are outlined below. Figure 14 illustrates the newly developed mechanistic scale-
up methodology in our laboratory which is based on matching the radial profile of the gas holdup which dictates the 
dynamics of the system and has been validated using RPT and CT [39]. Figure 15 shows for the first time effect of 
the dense heat exchanging internals on the radial profiles of gas holdup [40]. With the aid of 4-point optical probe and 
the heat transfer probe, mechanistic prediction of heat transfer coefficient has been demonstrated by developing new 
model for liquid eddy contacting time with the liquid film at the heat transfer surface as shown in Figure 16 [41]. 
 
7.2 Moving Bed Reactors 
Moving Bed reactors are using in various chemical and petroleum processes, biomass, coal and solid wastes 
gasification and combustion, 4th generation nuclear energy as pebble beds, etc. Various advanced studies have been 
conducted in our laboratory and in literature tackling various processes. Figure 17 demonstrates our recent 
development and studies of moving bed related to bed structure measurement and prediction and dynamics of solids 
using CT and RPT where discrete element method (EDM) simulation and the selected forces models have been 
validated [15]. 
 
7.3 Membranes and Membrane Reactor for Liquid and Gas Wastes Treatment 
Membrane (ceramic and polymer) technologies have been developed and implemented to treat liquid and gas 
wastes in both physical and chemical processes. By binding chemical compounds or by impeding catalyst wastes 
treatment can be intensified by combining both physical and chemical processes. Figure 18 from Molecular Filtration 
Inc. demonstrates their membrane technology for treating industrial wastewater as an example by binding chemical 
compounds onto the ceramic membrane. 
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Figure 14. New Scale-up Methodology for Hydrodynamics Similarity based on Matching Radial Profile 
of Gas Holdup Using RPT and CT 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15. Effect of Internals on Gas-Holdup Distribution and Radial Profiles Using CT 
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Figure 16. Mechanistic Heat Transfer Coefficient  Prediction in Bubble Column with Internals 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17. Moving Bed Setup and Selected Results 
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Figure 18. Membrane for Industrial Wastewater Treatment of Molecular Filtration Technology 
 
 
 
7.4 Two Phase Flow Packed Beds for Catalytic Wet Oxidation 
Two phase flow packed bed reactors are used extensively in production of clean fuels (hydro desulfurization, hydro-
demetalization, hydro-denitrogination, etc.), for clean chemicals production, for converting by-products (the 
byproduct of biodiesel production by hydrotreating), bio-filter for gas waste treatment, for wastewater treatment, etc. 
Catalytic wet oxidation process has been studied and advanced using these reactors with pillared clay catalyst. New 
modelling approach has been developed to account for the intra-particle diffusion along the bed height, the 
homogeneous reaction and the occurring volatilization. To facilitate such study and development apparent and 
intrinsic kinetics experiments were conducted using basket and slurry autoclave reactors, respectively. Figure 19 
shows selected results [42, 43]. 
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Figure 19. Catalytic Wet Oxidation Using Two Phase Flow Packed Bed Reactors 
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7.5 Photobioreactors and Bioreactors for Liquid, Solid and Flue Gas Wastes Treatment 
Biological and biochemical processes have been used widely to treat liquids including wastewater (municipal and 
industrial), solids and gases using various types of reactors. Figure 20 illustrates integration of wastes treatment and 
recycling for reuse with energy and products production for sustainable environment. Figure 21 shows selected results 
for advancing the understanding, scale-up, performance and optimization of photobioreactors and bioreactors using 
CT and RPT as an example [44]. 
7.6 Electron Beams for Treating Gas, Liquid and Solid Wastes 
Recently electron beam technology has been used effectively to treat gas, liquid and solid wastes. Mobile and 
industrial scale electron beam accelerators have been developed and implemented on industrial scales to treat 
continuously flue gases from refineries such as South Korean technology implemented on Aramco Processes. 
Brazilian Nuclear Institute, San Paolo has developed electron beam technology to treat wastewater as outlined in 
Figure 22. Professor Al-Sheikhly of University of Maryland, USA has implemented electron beam technology to treat 
solid wastes and to break complex molecules of cellulose and lignin as shown in Figure 23 to produce added value 
products. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 20. Integration of Wastes Treatment with Energy and Products Production 
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Figure 21: Selected Results of Gas-Lift Photobioreactor and Bioreactor Using CT and RPT 
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Figure 22. Brazilian Electron Beam Technology to Treat Wastewater 
 
 
 
 
 
 
 
 
 
 
 
Figure 23. Electron Beam to Treat Solid Wastes, Professor Al-Sheikhly of University of Maryland, USA 
8. Remarks 
It is obvious that advanced measurement, diagnostic and computing techniques are essential to be developed and 
implemented to advance the fundamental understanding and the engineering knowledge of multiphase reactors to 
minimize or eliminate the wastes at the source which is the reactor and also to advance the wastes treatment or 
recycling processes for any type wastes generated. Since it is impossible for one lab or one place can acquire all the 
needed techniques and the expertise to have scientific, engineering, economic, environmental and social impacts, 
multidisciplinary teams and collaboration are needed to achieve reduction and/or elimination and recycling of the 
wastes and hence attaining cleaner and sustainable environment. 
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